Reese J. Aminoglycoside-mediated relaxation of the ductus arteriosus in sepsis-associated PDA. Am J Physiol Heart Circ Physiol 307: H732-H740, 2014. First published July 3, 2014; doi:10.1152/ajpheart.00838.2013.-Sepsis is strongly associated with patency of the ductus arteriosus (PDA) in critically ill newborns. Inflammation and the aminoglycoside antibiotics used to treat neonatal sepsis cause smooth muscle relaxation, but their contribution to PDA is unknown. We examined whether: 1) lipopolysaccharide (LPS) or inflammatory cytokines cause relaxation of the ex vivo mouse DA; 2) the aminoglycosides gentamicin, tobramycin, or amikacin causes DA relaxation; and 3) newborn infants treated with aminoglycosides have an increased risk of symptomatic PDA (sPDA). Changes in fetal mouse DA tone were measured by pressure myography in response to LPS, TNF-␣, IFN-␥, macrophage-inflammatory protein 2, IL-15, IL-13, CXC chemokine ligand 12, or three aminoglycosides. A clinical database of inborn patients of all gestations was analyzed for association between sPDA and aminoglycoside treatment. Contrary to expectation, neither LPS nor any of the inflammatory mediators caused DA relaxation. However, each of the aminoglycosides caused concentration-dependent vasodilation in term and preterm mouse DAs. Pretreatment with indomethacin and N-(G)-nitro-L-arginine methyl ester did not prevent gentamicin-induced DA relaxation. Gentamicin-exposed DAs developed less oxygen-induced constriction than unexposed DAs. Among 488,349 infants who met the study criteria, 40,472 (8.3%) had sPDA. Confounder-adjusted odds of sPDA were higher in gentamicin-exposed infants, Ͻ25 wk and Ͼ32 wk. Together, these findings suggest that factors other than inflammation contribute to PDA. Aminoglycoside-induced vasorelaxation and inhibition of oxygen-induced DA constriction support the paradox that antibiotic treatment of sepsis may contribute to DA relaxation. This association was also found in newborn infants, suggesting that antibiotic selection may be an important consideration in efforts to reduce sepsis-associated PDA.
PATENCY OF THE DUCTUS ARTERIOSUS (PDA) is critical during fetal life. The DA is responsible for diverting blood flow from the systemic venous return into the descending aorta, bypassing the uninflated fetal lungs, to support the peripheral circulation and perfuse the placenta. The DA normally closes soon after birth so that systemic venous return is directed through the pulmonary circulation, where newborn respiratory gas exchange occurs. In the full-term infant, the DA closes within 12-24 h after birth. In premature infants, particularly those with lung disease, the DA may not close for days or weeks, resulting in a long-term increase in blood flow through the low-resistance pulmonary vascular bed. If the postnatal DA fails to close, either spontaneously or by pharmacologic or surgical means, infants incur increased risk for a number of threatening conditions, including congestive heart failure, pulmonary edema, progressive respiratory insufficiency, lung injury, chronic lung disease, compromised systemic blood flow, complications related to immaturity of organ systems, and iatrogenic side effects secondary to efforts to treat these conditions. When the ductus shunt is small or without significant collateral effects, the condition is labeled PDA. When the intensity or duration of left-to-right shunting through the DA is sufficient to cause any of these side effects, the condition is referred to as symptomatic PDA (sPDA).
Of the numerous risk factors associated with PDA (40), van de Bor et al. (51) reported that sepsis was second only to hyaline membrane disease as the factor most predictive of sPDA. Neonates with early-onset sepsis have increased incidence of sPDA (49) . Late-onset sepsis is also associated with sPDA (50) . Rojas et al. (43) found a significant increase in the odds ratio for the occurrence of chronic lung disease when sepsis occurred simultaneously with sPDA. In a follow-up study, they showed that sepsis increased the risk for late reopening of the ductus (23) . Moreover, infection preceded the diagnosis of sPDA in a majority of their infants, who were also found to have increased serum levels of prostaglandins (PGs; 6-keto PGF1␣) or the inflammatory mediator, TNF-␣. In another study, infants with sPDA complicated by sepsis were less likely to achieve ductus closure following treatment with ibuprofen compared with infants with sPDA and no evidence of sepsis (18) . Multiple investigators also report that chorio-amnionitis or histological evidence of fetal inflammation contributes to the risk for sPDA (29, 35, 44, 53) .
Even though sepsis appears to be a major factor in the pathway leading from PDA to sPDA, it is not clear whether the mechanisms linking sPDA with clinical sepsis are causal or only indirect relationships. There are many possibilities that might explain this relationship. First, since hypoxia relaxes the DA in vivo (32) , respiratory insufficiency secondary to the inflammatory process (25) might be expected to be one of the principal causes of DA relaxation in critically ill, premature infants with sepsis. Second, sPDA is known to be associated with excessive fluid intake (4, 48) , a practice that may result from the need to treat an increasing third space volume that often accompanies sepsis and systemic infections. Third, components of bacteria, such as LPS (12, 13) , or cytokines released during the host inflammatory response (27, 45) might be expected to have a vasodilatory effect on the DA. Finally, there are three compounding effects that may contribute to the link between sepsis and symptomatic PDA which should be considered: 1) the release of endogenous NO or CO (3), 2) the release of vasodilatory lipid mediators such as prostaglandin E2 or prostacyclin (23) , or 3) the administration of drugs such as CYP inhibitors that are known relaxants of the DA (17) .
Drugs frequently used during the treatment of sepsis, such as furosemide (16) and the aminoglycosides, are known to cause smooth muscle relaxation. For example, vasodilatory effects of aminoglycosides have been demonstrated in the myocardium and peripheral blood vessels (20, 22, 24) -effects thought to be the result of antagonistic actions of these antibiotics on Ca ϩϩ flux at the cell membrane (22, 26) . The purpose of this study was to establish whether the association of sepsis with sPDA might be the result of: 1) the response of the DA to LPS or certain vasoactive cytokines generated by inflammation or 2) the relaxing effect of gentamicin or other aminoglycosides on the DA. Cannulated vessel myography was used to study directly the vasomotor tone of the isolated DA. Due to the limited availability and viability of human ductus tissues, term and preterm mouse DAs were examined. Although LPS and proinflammatory cytokines failed to relax the DA, each aminoglycoside had a significant vasodilatory effect. Analysis of a large clinical database of newborn infants with well-documented risk factors revealed that aminoglycoside exposure was independently associated with increased risk of sPDA. These results offer surprising new insights into the pathogenesis of PDA and provide precautionary guidance for antibiotic use in all critically ill newborn infants.
METHODS

Animals
Experiments were conducted in accordance with National Institutes of Health Animal Care Standards and were approved by the Institutional Animal Care and Use Committee at Vanderbilt University Medical Center. Adult, female CD1 mice (Charles River Laboratories, Raleigh, NC) were bred with fertile males of the same strain to produce timed pregnancies. The morning of finding a vaginal plug was designated as day 1 (d1) of pregnancy. Pregnant females were anesthetized by intraperitoneal injection of 0.4 ml of 2.5% avertin (2,2,2-tribromoethanol in tert-amyl alcohol; Sigma-Aldrich, St. Louis, MO), followed by isoflurane inhalation (Baxter, Deerfield, IL) to facilitate fetal anesthesia. Dams were euthanized by cervical dislocation on d15 ("preterm") or d19 ("term") of gestation, and fetuses were delivered by uterine incision.
An established model of neonatal polymicrobial sepsis (57) was used to examine effects on postnatal DA closure. One 6-to 8-wk-old C57BL/6J female mouse (The Jackson Laboratory, Bar Harbor, ME) was euthanized Ͻ2 wk after arrival. The abdomen was opened, and the cecum was identified. Cecal contents were expressed and weighed. Cecal contents were mixed with 5% dextrose to a final concentration of 160 mg/ml. The cecal slurry was vortexed briefly to homogenize. Aggregates were removed from the slurry preparation using a 40-m filter, and the filtrate was drawn up into a 1-ml syringe using a 32-g needle. Newborn mouse pups were weighed and injected with a volume of 25 l slurry to deliver ϳ2.6 mg/g body wt within 15 min of preparation. Control pups were injected with an equivalent volume of 5% dextrose.
Tissue Collection
For myography studies, fetuses were submerged immediately in ice-cold, deoxygenated (95% N 2, 5% CO2) Krebs buffer and secured in a supine position in a dissection dish. Krebs buffer was modified (in mM: 109 NaCl, 34 NaHCO 3, 4.7 KCl, 0.9 MgSO4, 1.0 KH2PO4, 11.1 dextrose, and 2.5 CaCl2) to maintain a stable pH (7.30 -7.35 ) and relative hypoxia in the vessel bath (dissolved oxygen content ϭ 1.5-1.8%; measured PaO 2 ϭ 38 -45 Torr). The isolated main pulmonary artery-DA-transverse aorta segment of vascular tissue was freed from any remaining tissues. At all times, care was taken to avoid excess tension or stretch of vascular tissues during dissection.
Pressure Myography
In vitro studies of DA reactivity were conducted using cannulated, pressurized vessel myography and computer-assisted videomicroscopy. Fetal mouse DAs were isolated and mounted in 4 ml chambers, as described previously (38) . In other studies, the ascending aorta of d19 fetuses or third-to fourth-generation mesenteric arteries of neonatal mice on the 2nd day of life (P2) were mounted on appropriatesized cannulae (due to technical limitations, we were unable to mount mesenteric resistance arteries from P0 or P1 mice). Fetal vessels were allowed to equilibrate for 40 -60 min in nonrecirculating, deoxygenated Krebs buffer (36.5°C-37.5°C) at 6 ml/min; P2 vessels were equilibrated in nonrecirculating Krebs, bubbled with 12% oxygen, to mimic newborn conditions. Distending pressure was generated by a column of Krebs buffer. Vessels were pressurized to 20 mmHg in 5-mmHg increments (term or P2 vessels) or 6 mmHg in 2-mmHg increments (preterm vessels). Isolated vessels were then stimulated with 50 mM Kϩ Krebs buffer (with KCl substituted for NaCl) for 3-5 min (ϫ2) to determine the contractile potential of each vessel. Vessels were then switched to a recirculating system (20 ml circuit volume) and allowed to re-equilibrate under pressurized-recirculating conditions for 30 min. Vessel diameter was then recorded at "baseline" conditions that represented basal myogenic tone. The response of each vessel to various drugs or change in experimental conditions was videorecorded continuously using edge-detection software (IonOptix; Milton, MA). Lumen diameter was measured at the point of maximum constriction. At the completion of each study protocol, vessels were exposed to papaverine (100 M; Sigma-Aldrich) to determine the vessel caliber at maximal relaxation.
Drug and Cytokine Studies
Ex vivo studies. Isolated vessels were exposed to various drugs or compounds or changes in experimental conditions. Each change in experimental parameter was maintained until a stable, new vessel diameter was established. Dilation or constriction of each vessel was compared with baseline diameter under resting, pressurized conditions.
In vivo studies. Offspring were euthanized at 4 h of age, and the DA was surgically exposed for assessment of postnatal closure. An estab-lished visual scoring system (39, 41) was used by a blinded observer (J. Reese) to estimate the degree of PDA (categorically, from 0%, 10%, 25%, 50%, 75%, 90%, or 100% with respect to the diameter of the main pulmonary artery) in response to intraperitoneal injection of LPS, gentamicin, or vehicle.
LPS studies. The DA response to LPS (Escherichia coli 0111:B4; Sigma Aldrich) was examined in four different study protocols. 1) The isolated, pressurized fetal DA was exposed to increasing concentrations of LPS (0.001-10 g/ml), encompassing the effective dose range determined by previous studies. Alternatively, in some studies, the isolated DA was exposed to increasing concentrations of lipoteichoic acid (LTA; 0.001-10 g/ml; Sigma-Aldrich), a gram-positive bacterial cell-wall toxin.
2) The isolated, pressurized fetal DA was exposed to LPS (2.5 g/ml) for 1 h. After 1 h, 100 ng/ml TNF-␣ was added to the bath, and alterations in DA diameter were measured.
3) Fetal mice were euthanized, their anterior chest wall was removed, and the pericardium and investing membranes overlying the DA were removed. The open thoraces were incubated at 4°C overnight in deoxygenated Krebs buffer with the addition of 2.5 g/ml LPS. Excised DAs were mounted for myography studies the following morning. Vessel characteristics and response to KCl (12.5-50 mM) and the thromboxane agonist U-46619 (10 -100 nM) were recorded. 4) Newborn term gestation mice were injected with intraperitoneal saline or LPS (0.3-1.0 mg/kg) (55) at ϳ30 min of age. After a 4-h period of observation, the pups were euthanized, and the DA was surgically exposed for assessment of postnatal closure. LPS and LTA were dissolved in water just before use.
Cytokine studies. The isolated fetal DA was exposed to increasing doses of cytokines; effective doses were determined from published studies. Selected cytokines were chosen for study based on . Cytokines (PeproTech, Rocky Hill, NJ) were studied over the following concentrations in the perfusion bath: IL-13 (0.01-100 ng/ml), IL-15 (0.10 -100 ng/ml), MIP-2 (0.01-100 ng/ml), TNF-␣ (0.001-100 ng/ml), CXCL-12 (0.10 -100 ng/ml), and IFN-␥ (0.01-1,000 ng/ml). All cytokines were dissolved in aqueous buffer.
Antibiotic studies. The isolated fetal DA was studied using the following aminoglycoside protocols: 1) response to cumulative gentamicin (0.01-100 mM), tobramycin (0.01-10 mM), or amikacin (0.01-100 mM; AG Scientific, San Diego, CA); 2) pretreatment with the nonselective NO synthase inhibitor N-(G)-nitro-L-arginine methyl ester (L-NAME; 0.1 mM; Cayman Chemical, Ann Arbor, MI) and the nonselective cyclooxygenase inhibitor indomethacin (0.01 mM; Cayman Chemical) for 1 h and then exposure to increasing concentrations of gentamicin (0.01-100 mM); the response at each concentration was compared with the diameter of DAs not pretreated with L-NAME and indomethacin; or 3) pretreatment with gentamicin (3 mM) for 1 h under recirculating, deoxygenated conditions. The isolated DA was then exposed to Krebs buffer containing gentamicin that was bubbled with increasing oxygen content (0%, 2%, 5%, 12%, 21%, and 95%) under nonrecirculating conditions. DA diameter was measured at each concentration of oxygen and compared with vessels not treated with gentamicin. In a separate set of experiments, vessels were exposed to ampicillin (0.01-100 mM). L-NAME and all antibiotics were dissolved in water; indomethacin was dissolved in ethanol but did not exceed 0.1% in the final bath concentration. In some experiments, solubility limitations prevented equivalent drug exposures for all compounds. For in vivo studies, offspring of a litter that were delivered by Cesarean section were divided into three treatment groups. Newborn littermates were injected intraperitoneally with lowdose (5 mg/kg) or high-dose (50 mg/kg) gentamicin at 30 min of life and compared with untreated littermates (sham injection).
Clinical Analysis
This study comprised a descriptive review of infants from a network of 330 neonatal intensive care units (NICUs) in the United States that reported to the Pediatrix Clinical Data Warehouse. Healthcare professionals providing care to these infants used a proprietary software system (BabySteps) to generate clinical admission, daily progress, and discharge notes. These data were stored in a consolidated national data set and de-identified for research purposes. The data set had no protected health information and was compliant with the Health Insurance Portability and Accountability Act of 1996 regulations.
Patients were selected from the Pediatrix Clinical Data Warehouse who met the following criteria: 1) inborn, 2) cared for at a single institution (transfers excluded), and 3) born between 1997 and 2010. sPDA was considered to be present in infants with signs of a PDA or left-to-right shunting, which lasted 3 or more days and was diagnosed after 2 days, or required ligation. Infants who died within 3 days of birth were excluded, as they would have expired before they met criteria for sPDA. Only infants that received aminoglycoside treatment before the diagnosis of sPDA were considered for inclusion. Infants with other cardiac anomalies were excluded.
Statistical Analysis
For myography studies, alterations in DA diameter were displayed as percent change in lumen diameter compared with baseline diameter at resting tone. Dose-response relationships for each compound were illustrated using best-fit curves and sigmoidal approximation (Prism 5; GraphPad Software, La Jolla, CA). For clarity, dose-response curves were shown as mean Ϯ SE. Statistical comparisons of repeated measurements of vessel diameter were analyzed using a linear mixedeffects regression model, controlling for baseline vessel diameter. A random intercept was included in each mixed-effects model to account for the correlation arising from measuring the diameter of the same vessel at multiple concentrations. Regression models were fit using R (The R Foundation for Statistical Computing, Vienna, Austria), Stata (StataCorp, College Station, TX), and Systat (Systat Software, San Jose, CA) statistics software. Pearson's 2 analysis was used to analyze the in vivo response to gentamicin. P Ͻ 0.05 was considered significant in all studies.
For the clinical study, multivariable logistic regression was used to estimate the association between the occurrence of significant PDA (outcome) and exposure to gentamicin. We controlled for potential confounding variables, including birth weight, gestational age, gender, presence of anomalies, type of delivery, mechanical ventilation, surfactant treatment, and antenatal steroids to evaluate the impact of exposure to aminoglycosides. The model was used in each estimated gestational-age strata to calculate stratum-specific adjusted odds ratios. The calculated and adjusted odds ratio was for the occurrence of a sPDA (dependent variable) in infants exposed to gentamicin compared with those not exposed (independent variable). We limited our model to exposure to the first 3 days, since this is the period of greatest antibiotic exposure in the neonatal population and to ensure that exposure was during the time when the PDA was closing.
RESULTS
Isolated DA Exhibits Minimal Response to a Defined Inflammatory Stimulus
With the use of a validated scoring system for estimation of PDA (39, 41), we observed impaired DA closure in a neonatal model of polymicrobial sepsis (Ͼ25% patency in eight of 11 pups from three litters vs. 0% patency in five representative vehicle-treated pups; Fig. 1A ). All slurry-injected pups were viable at the time of assessment. These data suggest that the newborn mouse is a suitable model to study sepsis-associated PDA. In contrast, no detectable impairment of postnatal DA closure (by visual scoring or attempts to force blood through the lumen) was observed in newborn pups exposed to moderate (0.3 mg/kg)-or high (1 mg/kg)-dose LPS compared with their saline-injected littermates (n ϭ 6 pups/condition; Fig. 1A ). Short-term exposure of the ex vivo DA to increasing concentrations of LPS had no significant effect on vasomotor tone (n ϭ 8 vessels from four litters; Fig. 1B) . Likewise, long-term (24 h) LPS exposure did not significantly affect the ability of the DA to respond to different vasoconstrictive agents (KCl, U-46619; n ϭ 4 vessels from two litters; Fig. 1C ) compared with reference control values (P Ͼ 0.1 for each comparison) (17, 38) . Exposure to LTA had no effect on the vasomotor tone of the isolated mouse DA (not shown).
Cytokine Exposure Has Mixed Effects on DA Tone
By linear regression analysis, none of the studied cytokines caused relaxation of DA tone (Table 1) . Instead, TNF-␣, IFN-␥, CXCL-12, and IL-13 each caused vasoconstriction of 10 -25% from baseline at higher concentrations (100 -1,000 ng/ml). Preincubation of the isolated DA with LPS (1 h) did not affect the response to TNF-␣ (n ϭ 6; data not shown), indicating that combined inflammatory stimuli did not relax the isolated DA. Neither IL-15 nor MIP-2 (CXCL-2), a murine homologue of IL-8, had significant effects on DA tone, despite exposure to concentrations of 100 -1,000 ng/ml, respectively (Table 1) .
Exposure to Aminoglycoside Antibiotics Caused Significant Concentration-Dependent Dilation of the DA
Each of the three aminoglycosides caused a significant concentration-dependent increase in the diameter of DAs from both term ( Fig. 2A) and preterm (Fig. 2B ) mice (P Ͻ 0.01). Tobramycin was the most potent aminoglycoside in preterm DAs but had the least effect in term DAs. The preterm DA was less affected by exposure to gentamicin than the term DA (P Ͻ 0.01; Fig. 2C ). Gentamicin exposure did not affect the ascending aorta but caused a modest, concentration-dependent relaxation of mesenteric arteries of P2 mice (P Ͻ 0.01). However, gentamicin-induced relaxation of the term DA was significantly greater than the effect seen in P2 mesenteric arteries (P Ͻ 0.01; Fig. 2C ). The DA and ascending aorta share common neural crest-derived progenitors of their smooth muscle coat (36) . Together, these data indicate that gentamicin affects DA tone more than a conductance artery of similar size and origin (ascending aorta) or a peripheral resistance artery (mesenteric). Exposure to equimolar concentrations of ampicillin had no significant vasodilatory effects on the isolated fetal mouse DA (data not shown). Gentamicin is by far the most common aminoglycoside used in the NICU population (11), thus subsequent experiments focused on the role of gentamicin in DA relaxation.
Gentamicin-Induced DA Dilation Is Not Mediated by PGs or NO
The term gestation DA (d19), either treated or not treated with L-NAME and indomethacin, had a concentration-depen- Fig. 1 . Response of the ductus arteriosus (DA) to inflammatory stimuli. A: representative images of the postnatal DA at 4 h of age (arrows). The DA was closed in uninjected control mice; impaired DA closure was observed in newborn mice after cecal slurry injection but not in mice injected with 1 mg/kg LPS. AO, aorta; PA, pulmonary artery. B: exposure of the isolated, pressurized term gestation mouse DA to increasing concentrations of LPS did not alter its vasomotor tone. Data shown as mean Ϯ SE. C: representative tracing showing that prolonged exposure (24 h) to LPS did not inhibit response of the isolated, pressurized DA to an initial stimulus with 50 mM KCl or to graduated doses of KCl (from 50 to 12.5 mM) or the thromboxane mimetic U-46619 (10 -100 nM). dent increase in DA diameter with increasing concentration of gentamicin (P Ͻ 0.001). Pretreatment with indomethacin and L-NAME had no significant effect on gentamicin-induced DA relaxation or the magnitude of increase in DA diameter (P ϭ 0.166; Fig. 3 ).
Pretreatment with Gentamicin Inhibits Oxygen-Induced DA Constriction
The mouse DA is exquisitely sensitive to oxygen tension in vivo and in vitro (38) . Here, we observed that the diameter of the term gestation DA (d19) decreased with increasing oxygen concentration, regardless of whether the vessel was pretreated with gentamicin (P Ͻ 0.01). However, at all concentrations of oxygen tested (0%, 2%, 5%, 12%, 21%, and 95%), the diameter of the term DA was significantly greater in the vessels exposed to gentamicin (P ϭ 0.008; Fig. 4A ). In untreated vessels, complete closure of the term DA lumen was frequently observed under 21-95% oxygen conditions but did not occur in gentamicin-treated DAs at any oxygen concentration. Oxygen exposure induced less constriction of the preterm than term DA (P Ͻ 0.01; Fig. 4B ); complete closure of the preterm DA lumen was not observed under any oxygen conditions. Preterm DAs exposed to gentamicin experienced less oxygen-induced constriction than untreated preterm DAs (P Ͻ 0.05; Fig. 4B ).
Gentamicin Exposure Inhibits Postnatal DA Closure in Vivo
Postnatal closure of the DA lumen is typically accomplished in the first few hours of life in mice (14, 39) . With the use of a visual scoring system, we observed complete DA closure in the majority of untreated pups at 4 h of age. In contrast, newborn mice injected with 5 mg/kg gentamicin more frequently had an unclosed DA at 4 h of age (Fig. 5) . This dose is similar to loading doses that are used in neonates (21, 37). A Fig. 3 . Gentamicin-induced DA relaxation in the presence of indomethacin (Indo) and N-(G)-nitro-L-arginine methyl ester (L-NAME). The term DA (d19), either treated or not treated with inhibitors of prostaglandin synthesis (indomethacin) and nitric oxide synthesis (L-NAME), displayed a concentration-dependent increase in DA diameter with an increasing concentration of gentamicin [P Ͻ 0.001; baseline diameter of untreated DA, 193 Ϯ 18 m (data from Fig. 2A) ]. Pretreatment (Pre-tx) with indomethacin and L-NAME had no significant effect on the magnitude of increase in DA diameter (P ϭ 0.166; baseline diameter, 157 Ϯ 27 m). Data shown as mean Ϯ SE.
10-fold-higher gentamicin dose was used to examine druginduced changes in DA status, although neonates would not encounter this dosing regimen. A larger gentamicin dose was associated with greater degrees of postnatal PDA (P ϭ 0.002; Fig. 5 ).
Aminoglycoside Exposure Increases the Risk for PDA in Term and Preterm Infants
In a large clinical data set collected from a multicenter network of NICUs over a 13-yr period, there were 488,349 patients that met study criteria; 40,472 (8.3%) had a sPDA, and 447,877 did not. The type of data deposited into our clinical database did not allow us to distinguish reliably between true sepsis and suspected sepsis. Based on the information available, early-onset infection (d0, d1, or d2) was rare n ϭ 636 (1.6%) in the PDA group and 6,624 (1.5%) in the control group. The presence of a positive blood culture was not an independent risk factor for a PDA. Therefore, we used eligibility criteria based on the definitions that the clinicians used to report their patients' data to the central data repository. As anticipated, infants with PDA were smaller, more immature, more often had other anomalies, and were more often delivered by Cesarean section. They were more often treated with mechanical ventilation, surfactant, and aminoglycosides than infants without sPDA ( Table 2 ). The adjusted odds of sPDA were higher in subjects exposed to gentamicin compared with subjects not exposed to gentamicin over all gestational ages. When adjusted odds ratios were estimated, stratified on gestational age, a significant gentamicin-associated, increased risk of sPDA was found in all gestational age groups except 26 -28 wk and 29 -31 wk (Fig. 6) .
DISCUSSION
This project was designed to address the hypothesis that the association of sPDA with sepsis in premature infants was due to the response of the ductus to LPS or certain vasoactive cytokines generated by inflammation. The rationale for this hypothesis is that sepsis is frequently accompanied by hypotension and altered vascular tone and that these factors are known for their involvement in inflammation-mediated smooth muscle relaxation (30, 31, 52) . LPS-induced relaxation of the ex vivo DA has previously been observed in term and preterm fetal lambs (12, 13) . Thus the results of our experiments were unexpected. Not only did LPS not cause the ductus to relax or constrict in vitro or in vivo, but also, none of the proinflammatory cytokines induced significant relaxation. Also surprising, four (IFN-␥, CXCL-12, TNF-␣, and IL-13) of the six cytokines caused significant vasoconstriction of the ex vivo DA. Interestingly, patients that are genetically predisposed to low IFN-␥ levels are at an increased risk for PDA (7) . These findings support a suggested role for inflammatory mediators in permanent closure and remodeling of the postnatal DA (54) rather than the vasodilatory role that we envisioned.
With the lack of evidence that inflammatory mediators play a direct role in the association between sepsis and sPDA in our studies, we considered other potential links between these two conditions. Gentamicin is an aminoglycoside antibiotic that is the mainstay of sepsis treatment in premature infants and is one of the most commonly prescribed medications in the NICU (11) . Since gentamicin has known vasodilatory properties, we examined whether the DA shares this response. Our results demonstrate that gentamicin and two other aminoglycosides A: at given concentrations of oxygen, the term (d19) DA diameter was significantly greater in the group treated with gentamicin (P ϭ 0.008). B: as described previously (38) , the preterm (d15) mouse DA was less responsive to oxygen than the term DA (P Ͻ 0.01). The diameter of gentamicin-exposed preterm DAs was greater than nontreated preterm DAs (P Ͻ 0.05). Data shown as mean Ϯ SE. used in the neonatal population-amikacin and tobramycincause relaxation of the ex vivo murine ductus. These results were highly significant, concentration dependent, and occurred in both the term and preterm DA. Gentamicin effects may be restricted to specific vascular beds, since P2 mesenteric arteries, but not the ascending aorta, also displayed a vasodilatory response, albeit to a lesser degree than in the DA. More importantly, we found that gentamicin injection soon after birth impaired the postnatal DA closure process in neonatal mice. The gentamicin concentrations that caused DA relaxation in vitro and in vivo were higher than serum levels typically experienced by human neonates. However, myography studies frequently require doses beyond the therapeutic range to demonstrate drug effects, including gentamicin (22, 42, 56) . Moreover, newborn infants experience prolonged drug exposure times that cannot be studied by short-term in vitro treatment protocols. Nevertheless, our combined in vitro and in vivo findings support a causative role for gentamicin in relaxation of the postnatal DA in mice.
Other investigators have shown that gentamicin and other aminoglycosides induce a variety of adverse responses, including negative inotropic effects on rat ventricular myocytes (5), relaxation of isolated guinea pig left atria to increasing concentrations of gentamicin (20) , relaxation of rat aortic rings (42) , relaxation of preconstricted canine cerebral arterial rings, increased coronary blood flow, reduced force of contraction, decreased rate of automaticity, decreased sinus rate, and increased atrioventricular conduction time in canine hearts (24) . Several mechanisms are thought to mediate the vasodepressor response to gentamicin and other aminoglycosides. A decrease in Ca ϩϩ influx (5) and inhibition of PLC interfering with intracellular Ca ϩϩ accumulation (22) have been proposed. In addition, gentamicin has been shown to inhibit mitochondrial metabolism (28) , an action that could disrupt the role of H 2 O 2 as the putative oxygen sensor in regulation of the DA (1). Indeed, we found that gentamicin significantly inhibited the effects of oxygen, one of the most potent and clinically relevant factors for postnatal DA closure. Gentamicin had more profound effects on the oxygen response at term than preterm gestation, although underdeveloped mechanisms for oxygen sensing in the immature ductus may partially account for the diminished effect of gentamicin in preterm DAs. Aminoglycosides have also been shown to inhibit vasoconstriction induced by endothelin, an effect reversed by a selective PKC inhibitor (56) , which may warrant further consideration in future studies.
Gentamicin is also well known for its involvement in neuromuscular blockade, a phenomenon in which aminoglycosides cause paralysis, either alone or in connection with nondepolarizing agents, such as pancuronium. Gentamicin causes dose-dependent, neuromuscular blockade of the isolated phrenic nerve-diaphragm preparation of the rat (19, 33) . These drugs interfere with the movement of Ca ϩϩ through calcium channels and inhibit the release of acetylcholine at the neuromuscular junction (34) . Given that the ductus is richly innervated with both cholinergic and adrenergic nerve fibers in various species (2, 6, 8, 47) , it is not unreasonable to speculate that the ductus tone may be inhibited, in part, by a mechanism similar to neuromuscular blockade.
Once it was recognized that gentamicin had a relaxant effect on the ex vivo and in vivo mouse DA, we performed a multivariate analysis of a large clinical database to determine whether aminoglycoside exposure was related to sPDA in infants. This analysis primarily reflects exposure to genta- micin, because the number of infants who received tobramycin or amikacin was much smaller than the number of patients who received gentamicin and who met entry criteria. After controlling for the factors most commonly associated with PDA, the adjusted odds ratio for exposure to gentamicin showed a significant association between gentamicin treatment and sPDA. The magnitude of increased risk for sPDA among gentamicin-exposed neonates is similar to the odds ratios for other neonatal variables associated with PDA (10). The increased risk of gentamicin-associated PDA was limited to infants with gestational ages Ͻ26 wk and Ն32 wk. There is no obvious explanation for the increased risk seen at both ends of the gestational-age spectrum. However, it is important to note that taking aminoglycoside exposure as the common element, there were only 9,623 infants with PDA of gestational age 25 wk or less compared with 250,699 infants with PDA at 32 wk gestation or greater (Fig. 6) . The preponderance of risk of sPDA among the more mature infants parallels the ex vivo mouse ductus, which had greater relaxation in the term DA (19 days) than in the preterm DA (15 days). The relaxation response of the mouse DA is also greater in the term DA than in the preterm DA, following exposure to either furosemide (16) or to cimetidine (17) . The more prominent effect of gentamicin on oxygen-induced constriction in the term rather than preterm mouse DA likely reflects developmentally regulated oxygen sensing, which also matures with advancing gestation in infants. The vulnerability of more mature newborn infants to gentamicin-associated sPDA helps validate a biological basis for these findings in the mouse DA. This study demonstrates that aminoglycosides relax DA vascular smooth muscle and decrease the constrictive effect of oxygen. These findings are paradigm shifting and raise questions regarding the possibility that treatment of susceptible newborn infants with aminoglycosides, particularly the commonly administered antibiotic gentamicin, will contribute to sPDA in immature infants that are already at risk for this disorder. Infants treated with piperacillin-tazobactam (a synthetic penicillin derivative combined with a beta-lactamase inhibitor), instead of ampicillin and gentamicin, have a decreased trend in the need for medical or surgical treatment of sPDA (9) . Until other studies clarify the relationship between antibiotics and PDA, our results support recent arguments (15) that antibiotic exposure, particularly aminoglycosides, in the NICU population should be of short duration or limited to infants with a defined bacterial infection where aminoglycoside use is clearly warranted. 
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